Photosynthetic activities were analyzed in Chlamydomonas reinhardtii mitochondrial mutants affected in different complexes (I, III, IV, I ϩ III, and I ϩ IV) of the respiratory chain. Oxygen evolution curves showed a positive relationship between the apparent yield of photosynthetic linear electron transport and the number of active proton-pumping sites in mitochondria. Although no significant alterations of the quantitative relationships between major photosynthetic complexes were found in the mutants, 77 K fluorescence spectra showed a preferential excitation of photosystem I (PSI) compared with wild type, which was indicative of a shift toward state 2. This effect was correlated with high levels of phosphorylation of lightharvesting complex II polypeptides, indicating the preferential association of light-harvesting complex II with PSI. The transition to state 1 occurred in untreated wild-type cells exposed to PSI light or in 3-(3,4-dichlorophenyl)-1,1-dimethylureatreated cells exposed to white light. In mutants of the cytochrome pathway and in double mutants, this transition was only observed in white light in the presence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea. This suggests higher rates of nonphotochemical plastoquinone reduction through the chlororespiratory pathway, which was confirmed by measurements of the complementary area above the fluorescence induction curve in dark-adapted cells. Photo-acoustic measurements of energy storage by PSI showed a stimulation of PSI-driven cyclic electron flow in the most affected mutants. The present results demonstrate that in C. reinhardtii mutants, permanent defects in the mitochondrial electron transport chain stabilize state 2, which favors cyclic over linear electron transport in the chloroplast.
Metabolic processes of photosynthetic organisms depend on the regeneration of ATP through photosynthesis and respiration. Although these two processes are now well understood at the molecular and physiological levels, less is known about their mutual regulation. In eukaryotic cells, complex interactions between photosynthesis and respiration occur because both processes are linked by common key metabolites such as ADP/ATP, NAD(P)H, triose-P, and hexose-P (for review, see Hoefnagel et al., 1998) .
When the dependence of respiration on photosynthesis seems to rely essentially on the availability of substrates, the influence of respiration on photosynthesis is suggested to involve complex organizational changes in the PSs, known as state transitions. The transition from states 1 to 2 corresponds to the reversible transfer of a mobile pool of PSII lightharvesting complexes II (LHCII) from PSII to PSI along the thylakoid membrane (state 2 transition) and is triggered by persistent reduction of the plastoquinone (PQ) pool. This reduction causes the activation of an LHCII-kinase interacting with the quinine oxidizing site of cytochrome (Cyt) b6/f (for review, see Allen, 1992; Wollman, 2001 ). Due to its high affinity for the PSI-h subunit, phospho-LHCII then is bound preferentially to PSI and increases the antenna size of this PS. Return to state 1 can be achieved by reoxidation of the PQ pool and is mediated by a permanently active phosphatase.
In the unicellular alga Chlamydomonas reinhardtii, a rapid transition toward state 2 can be observed when oxidative phosphorylations are interrupted by anaerobiosis or by addition of uncouplers or inhibitors of mitochondrial electron transport . Recent studies in the same organism have shown further that anaerobiosis causes a transient inhibition of oxygen evolution and stimulation of PSI-mediated cyclic electron transport upon state 2 transition (Finazzi et al., 1999 (Finazzi et al., , 2002 . From these results, Wollman (2001) has inferred that one function of state transitions in C. reinhardtii is to modulate the relative rates of photosynthetic linear and cyclic electron flows. The state transitions would provide a mean of regulating net ATP and NAD(P)H synthesis by the chloroplast because ATP and NAD(P)H are consumed in the Calvin cycle in conditions that favor linear electron transport, whereas ATP resulting from cyclic photophosphorylation can be used in other metabolic processes.
It also has been shown that addition in darkness of uncouplers or inhibitors of mitochondrial electron transport induces a rapid drop in ATP and a stimulation of glycolysis in C. reinhardtii. This increases the NAD(P)H level and causes non-photochemical reduction of the PQ pool (Rebeille and Gans, 1988) . PQ reduction in the dark was attributed to the process of chlororespiration. Although chlororespiration was discovered more than 20 years ago (Bennoun, 1982) , the chloroplastic complexes involved in electron transfer from NAD(P)H to oxygen are not unambiguously identified today. Recent data (for review, see Peltier and Cournac, 2002) suggest that in C. reinhardtii, chlororespiratory PQ reduction is catalyzed by a still-unidentified NAD(P)H-PQ oxidoreductase, but a putative ferredoxin-PQ oxidoreductase and a succinate dehydrogenase homologous to mitochondrial complex II may also be involved. A nuclearencoded plastoquinol oxidase showing restricted homology to the mitochondrial alternative oxidase was detected in C. reinhardtii thylakoids and is the most likely candidate to support electron transfer from PQ to oxygen.
The present explanatory frame of the chloroplast response to mitochondrial respiration relies essentially on the analysis of transient changes in photosynthetic parameters upon reduction of mitochondrial electron transport and ATP synthesis by inhibitors or anaerobiosis. Combined with the current model of chlororespiration and with recent understanding of the effects of state transitions, this approach led to a concept of flexibility of photosynthetic electron transport in which the chloroplast appears as a sensor of the ATP status of the cell (Wollman, 2001) .
Analyzing photosynthetic electron transport in mutants affected in respiration at various extents constitutes another approach to evaluate chloroplast responses to respiration. In C. reinhardtii, a large number of homoplasmic mitochondrial mutants affected in respiration have been isolated (for review, see Matagne and Remacle, 2002;  Table I ). They are characterized by their null or slow growth when cultivated under heterotrophic conditions (darkness ϩ acetate as an exogenous carbon source). Four mutants (dum5, 17, 20, and 25) with point mutation in one of the five nd genes (nd1, 2, 4, 5, and 6) of the mitochondrial genome, grow in the dark much slower than the wild-type strain (dark Ϯ phenotype) and are only affected in the activity of the mitochondrial respiratory chain complex I. The other mutants are unable to grow in the dark (dark Ϫ phenotype) because of mutations in the cob gene (encoding the apocytochrome b subunit of complex III; mutants dum1 and 21) or in the cox1 gene (coding for the subunit 1 of complex IV; mutants dum18 and 19) or because of a large deletion that encompasses cob and nd4 genes (dum22). In all these mutants, electron transfer from ubiquinone to molecular oxygen through the alternative oxidase is still functional. The mutants listed in Table I can be classified in three classes based on the putative number of active proton-pumping sites lost in the mitochondrial membrane: loss of one ATP synthesis site (complex I mutants), of two sites (complex III or IV mutants), or of three sites (complexes I ϩ III or I ϩ IV mutants).
In this work, we have analyzed photosynthetic oxygen evolution, state transitions, and cyclic electron transport in the above set of mutants grown under mixotrophic conditions (light ϩ acetate). The data a All the mutants lack the activity of the mentioned complex, except dum5, which shows very low complex I activity.
obtained allow us to evaluate current ideas on the impact of respiration on photosynthetic electron transport and provide quantitative relationships between these processes.
RESULTS

Respiration Rates Strongly Correlate with Relative Quantum Yields of Linear, Photosynthetic Electron Transport
Polarographic measurements of oxygen exchange rates in darkness and in light of increasing photosynthetic photon flux densities were performed with wild-type cells and mutant cells affected in various complexes of the mitochondrial electron transport respiratory chain (Table I) . Light saturation curves of photosynthetic oxygen evolution were established and compared on a chlorophyll (Chl) basis. When comparing the light curve obtained with the wild type with that of a double mutant (dum19/25) deprived of complexes I and IV activities, clear differences appeared both in the maximum rate of oxygen evolution in saturating light (V max ) and in the initial slope of the light curve (␣') up to 50 mol m Ϫ2 s
Ϫ1
( Fig. 1 ). In the double mutant, V max and ␣' were reduced by about 40% and 80%, respectively. Because ␣' is proportional to the quantum yield of linear, photosynthetic electron transport from molecular oxygen to NADP ϩ , it represents an important parameter of photosynthetic efficiency. It was measured in all the mutants and plotted as a function of the rate of dark respiration (Fig. 2) . In this plot, the three categories of mutants (complex I mutants; mutants of the Cyt pathway, i.e. complex III or complex IV mutants; and double mutants) distribute into three groups of points along a single relationship between photosynthetic quantum yield and dark respiration rate.
The respiration rate values reflect the effects of the loss of different mitochondrial electron transporters. Mutants of complex I still show substantial respiration due to the presence of multiple NADHdehydrogenases (Cardol et al., 2002) . Mutants of the Cyt pathway, which rely solely on alternative oxidase to reduce oxygen, are somewhat more affected, whereas double mutants show very weak oxygen uptake rates. Mitochondrial oxidative phosphorylation capacity must decrease in the same order because the number of operating phosphorylating sites decreases from one group to another (three in wild type, two in complex I mutants, one in mutants of the Cyt pathway, and none in double mutants).
Mitochondrial Mutants Show Similar Composition of Their Photosynthetic Apparatus and Have Moderately Reduced ATP Levels Compared with Wild Type
The large effects of mitochondrial mutations on photosynthetic electron transport outlined above can be due to quantitative modifications of photosynthetic pigment-protein complexes and/or to changes in their organization or activities. Therefore, it was important to evaluate the concentrations of photosynthetic constituents on a cell basis. Simple spectrophotometric measurements of total Chl concentration in ethanolic extracts gave a wild-type value of 23 g Chl per 10
7 cells with no difference higher than 12% in the different groups of mutants. This was further confirmed by HPLC analysis, which showed no significant differences in Chl or carotenoid contents (data not shown). The Chl a/b ratio was fairly con- Relationship between the rate of dark respiration and the apparent quantum yield of oxygen evolution (estimated from the initial slope of the light saturation curves and expressed in percentage of the wild-type control).
stant with a mean value of 2.5, which indicated no obvious changes in PSI/PSII stoichiometry. In crude membranes from wild-type cells, the concentrations of P700 (PSI), Cyt b559 (PSII), and Cyt f (Cyt b6/f complex) estimated by redox difference spectroscopy were around 2 nmol mol Ϫ1 Chl in each case. No significant differences were found for double mutant cells (data not shown). We also found that cellular concentrations of total proteins did not vary by more than 20% in different groups of mutants compared with wild type (around 130 g protein per 10
Ϫ7 cells). This allowed us to express any activity or concentration indifferently on a cell, Chl or protein basis.
Because the mutants are impaired in at least one mitochondrial phosphorylating site, we expected significant reduction of the cell ATP concentrations compared with wild type. However, ATP measurements by the luciferase assay on extracts of illuminated cells showed relatively modest decreases (Fig.  3) . The wild-type cell ATP concentration was 103 Ϯ 23 nmol mg Chl Ϫ1 , a value comparable with previously published data (Finazzi et al., 1999) . Complex I mutants showed no significant difference compared with wild type. ATP concentration was reduced in mutants of the Cyt pathway and in double mutants, but even in the latter, it was more than 60% compared with wild type.
The Excitation Energy Distribution Is Shifted to "State 2" in White Light, and PSI Light Fails to Promote Transition to "State 1" in Mitochondrial Mutants
State transitions were monitored by measurements of steady-state Chl fluorescence spectra at 77 K. Excitation in the Chl Soret band produces PSII and PSI fluorescence bands at 685 and 715 nm, respectively. In wild-type cells frozen to 77 K under the white light used for growth (70 mol m Ϫ2 s Ϫ1 ), the two bands had similar amplitudes (Fig. 4A) . Incubation under flushing nitrogen during 20 min in darkness before freezing caused an increase of the relative amplitude of the PSI band, reflecting transition to state 2 caused by PQ reduction. Full transition to state 1, detected as a decrease of the relative amplitude of the PSI band, was obtained by pre-illuminating the cells with PSI light ( Ͼ 705 nm) of 60 W m Ϫ2 for 5 min, which causes oxidation of the PQ pool. The same effect was observed when the cells were pre-illuminated by white light of 70 mol m Ϫ2 s Ϫ1 in the presence of DCMU, a treatment that also results in PQ oxidation due to PSII inhibition by DCMU (Fig. 4A) .
In double mutant cells (dum 19/25), a high relative amplitude of the PSI band, indicative of state 2, was found already in cells frozen in white light (Fig. 4A) . It was only slightly increased after dark incubation under nitrogen. Pre-illumination by PSI light of Ͼ 705 nm, instead of promoting transition to state 1 as in wild-type cells, caused a slight increase of the 715-nm band. This indicates a slight shift toward state 2, which can probably be explained by residual PSII excitation. Transition to state 1 was only observed after pre-illumination by white light in the presence of DCMU. Thus, compared with wild type, the double mutant appears closer to state 2 in continuous white light and shows transition to state 1 only in conditions that allow strong excitation of PSI.
To compare the whole set of mutants with regard to their ability to perform state transitions, the F715 to F685 ratio was used as an indicator of the state of excitation energy distribution and was measured in untreated cells and in state 1 or 2 conditions as above (Fig. 4B ). Compared with wild type, complex I mutants (dum5, dum17, dum20, and dum25) showed already significant shifts toward state 2 when frozen under white light (untreated) or in state 1 conditions. In these mutants, the transition to state 1 was barely detected. Similarly, mutants of the Cyt pathway (dum1 for complex III and dum18 and dum19 for complex IV) did not show transition to state 1. In state 2 conditions, these mutants further showed a higher F715 to F685 ratio than the wild type in the same conditions. Double mutants (dum19/25 and dum22), when frozen in white light, showed a F715 to F685 ratio that was as high as for the wild type in state 2 conditions. This ratio further increased in state 2 conditions and could reach a value well beyond the one found for the wild type (2.25 instead of 1.5 for dum22). Thus, one concludes that excitation of PSI by 60 W m Ϫ2 during 15 min (state 1 conditions) does not promote state 1 in most of the mutants. However, transition to state 1 was promoted by preillumination by white light in the presence of DCMU. On the other hand, the most affected mutants can show a significantly higher F715 to F685 ratio in state 2 compared with wild type.
State transitions are caused by phosphorylation (state 2) or dephosphorylation (state 1) of a set of mobile LHCs of the lhcb family. In C. reinhardtii, state 2 transition involves phosphorylation of LHCII polypeptides and the minor Chl a/b-binding CP26 and CP29 polypeptides at a Thr residue (Wollman and Delepelaire, 1984) , which can be detected on immunoblots using an anti-phospho-Thr antibody (Fleischman et al., 1999) . In membranes of wild-type cells ( Fig. 5 ), we detected two main bands of 26-and 34-kD apparent molecular mass. Because the number and position of phospho-Thr-containing polypeptides are highly dependent on the gel system used, we will refer to them collectively as antenna phosphoproteins. These two polypeptides were heavily phosphorylated in state 2 conditions (anoxia in darkness). The phosphorylation level was significantly lower when cells were frozen under the white light (70 mol m Ϫ2 s Ϫ1 ) used for growth, and no antenna phosphoprotein could be detected in either of the two conditions that promote transition to state 1 (PSI light pre-illumination or white light pre-illumination in the presence of DCMU).
Complex I mutants such as dum17 already showed a clearly different behavior because pre-illumination by PSI light did not cause significant labeling attenuation, in contrast to wild type. The dum1 mutant (lacking complex III) and the dum19/25 double mutant (lacking complexes I and IV) exhibited strong phosphorylation under white light, PSI light, or anoxia in the dark but still showed a marked decrease of phosphorylation level when pre-illuminated with white light in the presence of DCMU.
The persistence of phosphorylated antenna proteins in PSI light seen in the mutants was consistent with their inability to perform transition to state 1 in these conditions, as concluded from 77 K fluorescence measurements. In C. reinhardtii, as in higher plants, state transitions are controlled primarily by the redox status of the PQ pool. Previous studies have indicated that inhibitors of the mitochondrial electron transport or ATP synthesis cause a rapid non-photochemical reduction of the PQ pool that results in transition toward state 2 . To evaluate the redox status of the PQ pool in the set of mitochondrial mutants studied here, we have performed fluorescence induction measurements at room temperature. During a saturating red light pulse (1,000 mol m Ϫ2 s Ϫ1 ) given after a short dark adaptation (5 min), wild-type cells showed a ratio of variable to maximal fluorescence (F v /F m ) around 0.6 in our experimental conditions (Fig. 6C) . Single mutants showed significantly reduced F v /F m ratios, which is another indication of a transition to state 2 (Finazzi et al., 1999) . In double mutants, this ratio was reduced to 0.3, a value close to the one obtained with wild-type cells placed in state 2 by a 5-min dark incubation in the absence of oxygen (data not shown).
The redox state of the PQ pool can be evaluated semiquantitatively on the basis of fluorescence induction measurements performed in the absence and in the presence of DCMU, an inhibitor of PSII-driven electron transport between the bound plastoquinone Immunoblot detection of phosphorylated LHCs of the wildtype control and of the dum17, dum1, and dum19/25 mutants lacking complex I, complex III, and complexes I and IV, respectively. Immunoblotting was performed on 10 g of membrane proteins using an antibody against phospho-Thr. Different pretreatments were applied to cell suspensions before membrane isolation: in PSII (Q A ) and external PQ acceptors. Early studies have shown that the area between the fluorescence rise curve and its F m asymptot (complementary area) is proportional to the number of electrons transported through the PSII reaction center during the induction phenomenon (Malkin and Kok, 1966) . As a consequence, the number of oxidized PQ molecules per active PSII reaction center can be derived from the ratio of the complementary area measured in the absence and in the presence of DCMU, as shown in Figure 6 , A and B, for wild-type and dum19/25 cells, respectively. This ratio is best measured when PQ reoxidation by PSI is abolished, for instance by using a C. reinhardtii mutants lacking Cyt b6/f. In this case, oxidized PQ values around 5 have been found (Bennoun, 2001 ). By using an excitation light of 1,000 mol m Ϫ2 s Ϫ1 , which allowed us to approach full PQ reduction at F m (judging from the maximal F m /F o ratio) and, thus, minimize the effect of PQ reoxidation, we obtained an average value around 7 in wildtype cells (Fig. 6D) . Complex I mutants showed slightly lower average values. A significant reduction was observed in complex III mutants (average values around 4), whereas complex IV mutants behaved like complex I mutants. Double mutants showed the lowest values (around 1.5 in average; Fig. 6D ).
Because the measurements were performed after a 5-min dark adaptation, these results indicate that significant non-photochemical reduction of the PQ pool occurs in mutants and that its rate is dependent on the extent of inhibition of respiration caused by the mitochondrial mutations. The differences between the behavior of complex III and complex IV mutants in this respect and in the F v /F m ratio, however, are unexpected and may point to specific effects of deficiencies in one or the other complex (see "Discussion").
An increased rate of non-photochemical PQ reduction may explain why PSI light fails to promote state 1 transition in the mutants, as evidenced by 77 K fluorescence spectra measurements and detection of phosphorylated LHCII proteins. For state 1 transition to occur, the rate of PQ oxidation in PSI light must overbalance the rate of non-photochemical PQ reduction in such a way that net PQ oxidation is achieved. When the rate of non-photochemical PQ reduction is high, the rate of PSI excitation by the poorly absorbed light at wavelength beyond 705 nm may be too low, and PQ may remain largely reduced. On the other hand, white light of moderate intensity will be better absorbed by PSI and cause higher rates of PQ oxidation in the presence of DCMU, leading to state 1. The persistence of state 2 in PSI light would simply reflect a lower yield of state 1 transition in the mutants. We verified this point by comparing the rate of state 1 transition under white light of low intensity (10 mol m Ϫ2 s Ϫ1 ) in wild-type or mutant cells in the presence of DCMU. For this purpose, the kinetics of state 1 transition were monitored by continuous fluorescence measurements at room temperature using modulated excitation. State 1 transition causes an increase of the maximal fluorescence yield (F m ), which can be followed by applying saturating pulses during continuous measurements of fluorescence yield (Delepelaire and Wollman, 1985; Finazzi et al., 1999) . The time course of typical experiment is shown in Figure 7A for K fluorescence; data not shown). Thus, the measured kinetics followed a larger part of the state 1 transition process in the mutant. The stability of F m under low actinic light and its increase under stronger light indicate the high light requirement for initiating state 1 transition in the mutant. We quantified the relative rate of state 1 transition in different mutants by the ratio of the initial rate of F m increase under low actinic light (10 mol m Ϫ2 s Ϫ1 ) over the maximal F m value reached at state 1. The variations of this ratio from one mutant to another, shown in Figure 7B , are in good agreement with variations of the PQ redox state evaluated by measurements of complementary areas over the fluorescence induction curve (Fig. 6D) . This confirms the close link between state transitions and non-photochemical PQ reduction.
Photo-Acoustic Measurements of Energy Storage (ES) under PSI Light Indicate an Increased Rate of Cyclic Electron Flow in the Most Affected Mutants
The physiological role of state transitions has been reevaluated recently and suggested to provide a regulation mechanism to control the relative rates of linear and cyclic electron transport pathways in chloroplasts in response to the ATP status of the cell (Wollman, 2001 ). As we show here, respiratory mutants of C. reinhardtii are shifted to state 2 and show decreased quantum yields of linear electron transport compared with wild type. To determine whether these modifications are accompanied by increased rates of cyclic electron transport, we performed photo-acoustic measurements of thermal dissipation by PSI. It was shown previously that ES under weak modulated PSI light, measured as the relative amplitude of the photothermal signal rise caused by saturating light, reflects the yield of PSI-driven cyclic electron transport (Malkin and Canaani, 1994) . We measured ES as a function of the modulation frequency in wild-type and in double mutant (dum19/ 25) cells deposited on a nitrocellulose filter and treated as solid samples. In both cases, a biphasic relationship between ES and modulation frequency was observed (Fig. 8A) , as already described for C. reinhardtii cells (Canaani et al., 1989) . ES was significantly higher at all frequencies in double mutant cells, but the increase was more pronounced at high frequencies (beyond 150 Hz). When comparing ES measured at 200 Hz in different mutants (Fig. 8B) , a significant increase was found for complex III, complex IV, and double mutants but not for complex I mutants, which were close to wild type. The highest stimulation of ES, around 40% compared with wild type, was found for dum1 (complex III) and dum19/25 (complexes I and IV) mutants. It is noteworthy that complex IV mutants (dum19 and dum18) were, again, less stimulated than the complex III mutant (dum1). 
DISCUSSION
Previous works have shown that the respiratory mutants used in this study are unable to grow in darkness or grow poorly when supplied with acetate see Table I ). This light requirement indicates that photosynthetic phosphorylations are necessary to compensate the reduction in rate of oxidative phosphorylation in the mutants. In the chloroplast, ADP phosphorylation can be energetically coupled to either linear or cyclic (PSImediated) electron flow. However, it is generally admitted that most of the ATP produced through linear electron flow is consumed by the reductive pentose pathway, the operation of which necessitates a ratio of three ATPs to two NADPHs for every fixed CO 2 . In linear electron transport from water to NADP ϩ , the ATP/NADPH ratio is somewhat lower (1.28; Joliot and Joliot, 2002) . Therefore, it is likely that ATP synthesis driven by cyclic electron flow is required to support growth of the mutants, especially those in which oxidative phosphorylations are completely impaired.
The very strong dependence of oxygen evolution on respiration found here shows that in the double mutants, which have lost the ability for oxidative phosphorylations, the quantum efficiency of linear electron transport is reduced to 15% to 20% of that of the wild type. This suggests that in this case, light energy is used mainly in cyclic electron transport. The response of the other mutants is roughly proportional to the expected decrease in oxidative phosphorylation due to the loss of complex I or either complex III or IV. State transition experiments and PQ reduction estimations indicate that the inhibition of oxygen evolution in the mutants is due to a shift to state 2 caused by non-photochemical reduction of the PQ pool. Altogether, the results are in general agreement with the model recently proposed by Wollman (2001) in which state transitions allow modulation of the relative rates of linear and cyclic electron flows in response to the ATP status of the cell. They further show the ability of this regulatory mechanism to ensure survival and growth in conditions of restricted mitochondrial activity. Previous characterization has shown, however, that under mixotrophic conditions (light ϩ acetate), mitochondrial mutants display somewhat limited growth compared with wild type in the light (Remacle et al., 2001) , with mutants of complex I being less affected than mutants of the Cyt pathway or double mutants. The extent to which cyclic photophosphorylation compensates for the reduction of mitochondrial ATP synthesis must be one of the factors that determine growth rate. From the present results, it appears that compensation is only partial because the cellular ATP levels of the mutants are lower than that of wild type (except for complex I mutants). On the other hand, the reduction in the quantum yield of photosynthetic linear electron transport will limit photosynthetic carbon fixation in moderate light and contribute to the reduction in growth rate. Obviously, each mutant reaches an optimum steady-state equilibrium by adjusting photosynthetic carbon fixation and cyclic photophosphorylation in response to mitochondrial activity.
In this work, ES under PSI light was measured as indicator of cyclic electron flow. Significant ES was detected in the wild type, which indicates significant cyclic electron transport upon exclusive PSI excitation in state 1. Its biphasic dependence on the modulation frequency of the exciting light values most probably indicates the occurrence of two different cyclic electron pathways with different kinetics, as suggested by a recent study on tobacco (Nicotiana tabacum) chloroplasts (Joët at al., 2002) . Following the interpretation from this study, ES at high frequency (200 Hz or more) is mainly due to NAD(P)Hdependent cyclic electron flow, whereas at low frequency, an additional contribution from cyclic electron flow involving ferredoxin and a putative ferredoxin-PQ oxidoreductase is involved. The higher stimulation found in the high frequency region compared with the low-frequency region in the mutants suggests that essentially the rate of the NAD(P)H-dependent pathway is increased. In this region, the enhancement is not detected in complex I mutants and it varies from 20% to 50% in the others. Because the measuring light (Ͼ715 nm) excites preferentially Chl located in the core of PSI, this enhancement cannot be caused by an increased antenna size in state 2 but rather is due to faster intrinsic rates of electron transport steps. This effect is most probably due to the redistribution of Cyt b6/f from appressed to nonappressed thylakoid regions upon state 2 transition, shown before by Vallon et al. (1991) . This redistribution will favor electron transport between Cyt b6/f and PSI by plastocyanin because PSI is exclusively located in appressed thylakoid regions (Vallon et al., 1986; Wollman, 2001) . In this context, a recent kinetic study on higher plant thylakoids strongly suggested that cyclic electron flow necessitates physical connection between PSI and Cyt b6/f (Joliot and Joliot, 2002) .
To evaluate the effective stimulation of cyclic electron transport, the increased PSI antenna size due to state 2 transition must be taken into account together with the stimulation of ES. Previous studies have shown that in C. reinhardtii, a shift to state 2 corresponds to the displacement of 80% of the LHCII from PSII to PSI, leading to an increase of PSI antenna size of 50% in red light compared with state 1 (Delosme et al., 1996) . This increase, together with the 50% stimulation of ES in the most affected mutants, would lead to more than doubling the rate of cyclic electron flow under constant excitation conditions. The large effect of state transitions on energy distribution between PSs explains the strong impact of respiration on linear electron flow measured here as oxygen evolution. However, significant apparent quantum yields of oxygen evolution (10%-20% of wild type) were measured in double mutants, which are deficient in mitochondrial ATP synthesis and remain in state 2 in the light. Thus, in contrast to earlier findings on wild-type cells subjected to anaerobiosis in similar culture conditions (Finazzi et al., 1999) , we find that a basal level of oxygen evolution persists in state 2. This apparent discrepancy has to be found in the different experimental approaches used to reach state 2. In the present work, a basal level of respiration (essentially due to alternative pathways) is maintained in the double mutants, whereas anaerobiosis leads to a complete inhibition and may have additional effects. The persistence of low quantum yields of oxygen evolution in double mutants results in maximal oxygen values close to those of wild type in saturating light. It may allow the avoidance of PSII photo-inhibition during longterm exposure to moderate light. No indication of PSII photo-inhibition was apparent from the values of maximal variable fluorescence, which were similar in double mutants or in wild type in state 2.
In this study, we found that mutants of complex IV were less affected than mutants of complex III when the PQ redox status, the ability to undergo state 1 transition in weak light, and the ES by PSI were investigated. This is unexpected because complex III or IV mutants are in principle equivalent on the basis of mitochondrial respiration defect. The Cyt pathway is inactive in both cases, and we checked that the ATP level in dark-adapted (90 min) cells did not differ significantly (values of 65% to70% of wild type), thus indicating no visible difference in oxidative phosphorylation ability (data not shown). Interestingly, it was found recently that complex IV is specifically involved in ascorbate synthesis in higher plant mitochondria (Bartoli et al., 2000) . In plants, the last step of ascorbate biosynthesis consists of the oxidation of l-galactono-lactone by a membrane dehydrogenase that couples l-galactono-lactone oxidation to the reduction of Cyt c (Wheeler et al., 1998) . Reduced Cyt c is then oxidized by complex IV. In potato mitochondria, inhibition of complex IV by cyanide strongly reduces ascorbate synthesis (Bartoli et al., 2000) . One can hypothesize that the same pathway occurs in C. reinhardtii and that mitochondrial ascorbate synthesis is specifically inhibited in complex IV mutants. Therefore, it is tempting to propose that in wild type and in mutants not affected in complex IV, interactions of ascorbate with the photosynthetic electron transport chain participate in non-photochemical PQ reduction and initiate partial state 2 transition. Complex III mutants might even show higher responses because a stimulation of ascorbate synthesis by antimycin A (an inhibitor of Cyt c reduction by complex III) was reported in potato mitochondria (Bartoli et al., 2000) . However, to our knowledge, reduction of PQ by ascorbate in thylakoids has not been reported, although chemical reduction of extracted PQ by ascorbate is common routine. Other interactions with photosynthetic electron transport may be involved, such as with the PSI-reducing side and the PSIIoxidizing side (Smirnoff, 2000) . Further investigation is required to explore these possibilities in the context of the interactions between mitochondria and chloroplast.
Non-photochemical reduction of the PQ pool appears to play a key role in the transition to state 2 observed in the mutants. This was also observed in a previous work using inhibitors of respiration or of oxidative phosphorylation in wild-type cells or in one of the complex III mutants used here (dum1; . The high rate of "dark" PQ reduction in mitochondrial mutants is documented here by high levels of reduced PQ estimated from complementary fluorescence areas in dark-adapted cells. It explains in part the low quantum efficiency of state 1 transition in the mutants. On the other hand, increased rates of cyclic electron transport due to relocalization of Cyt b6/f in nonappressed thylakoid regions will also slower PQ oxidation. Non-photochemical PQ reduction has been ascribed to a chlororespiratory electron flow from NAD(P)H to oxygen (for review, see Peltier and Cournac, 2002) . High PQ reduction level in mitochondrial mutants can be sustained by stimulated NADH production through glycolysis due to lower ATP levels (Rebeille and Gans, 1988) . However, ATP deficiency is partly compensated by increased cyclic photophosphorylation in steadystate conditions, and clear differences in cellular ATP levels were only found in mutants of the Cyt pathway. Therefore, increased NAD(P)H levels resulting directly from lower rates of mitochondrial NADH oxidation must also be considered as a cause of increased PQ reduction rate in the mutants.
In conclusion, the use of mutants with permanent defects in the mitochondrial electron transport chain allows to demonstrate that photosynthetic electron transport is tightly controlled by respiration in C. reinhardtii. This work further emphasizes state transitions as a regulatory process important for modulating cyclic and linear chloroplastic electron transport and maintaining viability when mitochondrial ATP synthesis is impaired. In the future, the double mutants exhibiting high non-photochemical PQ reduction rate should become useful tools for further investigating the still poorly characterized electron transport pathways involved in chlororespiration in this alga.
MATERIALS AND METHODS
Strains and Growth Conditions
Strains used in this work are derived from the 137c strain of Chlamydomonas reinhardtii except dum22, which is a hybrid from C. reinhardtii ϫ C. smithii see 
Pigment Analysis
Pigments were extracted from whole cells in ethanol and debris were removed by centrifugation at 10,000g for 15 min. The Chl (a and b) concentration was determined according to Lichtenthaler (1987) with a lambda 20 UV/Vis spectrophotometer (Perkin Elmer, Norwalk, CT). Twenty-five microliters of pigment extract was subjected to reverse-phase HPLC analysis using a set-up comprising a 616 pump, a 717 plus autosampler, and a 996 online photodiode array detector (Waters, Milford, MA). A Nova Pak C18, 60A column (150-mm length, 4-m pore size) was used for separation. Acquisition and data treatment were performed using the Millenium software (Waters). Pigments were eluted during 2 min with a gradient from 100% (v/v) solvent A (80% [v/v] 
Protein Content
Protein content was determined according to the method of Bradford (1976) .
ATP Determination
ATP was extracted according to Gans and Rebeille (1990) . ATP cellular level was determined using the Enliten luciferase/luciferin kit (Promega, Madison, WI).
Redox Absorbance Difference Spectra
The isolation of total membrane fractions was conducted according to Remacle et al. (2001) , and 60% (v/v) glycerol was added to the preparation. The amounts of Cyt b-559 (high potential ϩ low potential forms) and Cyt f were determined by redox difference spectra as by Mizusawa et al. (1995) using extinction coefficients ⑀ 559nn ϭ 15 mm Ϫ1 cm Ϫ1 for Cyt b-559 and ⑀ 554nn ϭ 26 mm Ϫ1 cm Ϫ1 for Cyt f (Metzger et al., 1997) . P700 was determined according to Melis and Brown (1980) , using ⑀ 700nn ϭ 64 mm Ϫ1 cm Ϫ1 .
State Transition Treatments
Cells were placed in state 1 conditions by incubation for 15 min either under white light (70 mol m Ϫ2 s Ϫ1 ) in the presence of 10 m DCMU or under far-red light (Ͼ705 nm, fluence rate of 60 W m Ϫ2 ). The transition to state 2 was achieved by anaerobic incubation in darkness under nitrogen atmosphere for 20 min .
Oxygen Evolution and Fluorescence Emission Measurements
Respiration and photosynthesis were measured as O 2 exchange rates using a Clark-type oxygen electrode at 25°C (Chlorolab 2, Hansatech Instruments, King's Lynn, UK). The actinic light was provided by light-emitting diodes with an emission maximum around 650 nm. Light saturation curves were obtained by measuring O 2 exchange rates during successive 2-min illumination periods with PPFDs increasing stepwise from 0 to 1,000 mol m Ϫ2 s Ϫ1 . Chl concentration was 2 to 3 g mL Ϫ1 . Changes of fluorescence yield associated with the transition to state 1 were measured in the chamber used for the O 2 recordings using a modulated fluorometer (type MFMS, Hansatech Instruments). The analytical light was provided by light-emitting diodes with an emission maximum of 580 nm and PPFD of 0.5 mol m Ϫ2 s Ϫ1 . Actinic white light was provided by a tungsten-halogen lamp (Intralux 500-H, Volpi AG, Urdorf-Zü rich). The final PPFD was adjusted using neutral filters. Fast fluorescence rise kinetics associated with PQ photoreduction were recorded at room temperature under continuous excitation using a portable fluorometer (Handy-PEA, Hansatech Instruments) equipped with an accessory for liquid suspension measurements. Actinic light at 650 nm was set at a PPFD of 1,000 mol m Ϫ2 s Ϫ1 , and Chl concentration of the algal samples was adjusted to a constant value of 20 g mL Ϫ1 . Data acquisition rates of 10 s during the first 2 ms and fast stabilization (50 s) of the light-emitting photodiodes allowed accurate determination of F o and, hence, of F v /F m ratios (Srivastava et al., 1995) . However, F v /F m ratios of wild-type cells were lower than previously reported (around 0.6 instead of 0.7-0.75 in Srivastava et al., 1995) . This was related to the relatively short adaptation time of the algae in liquid medium (around 4 h) used in this study because we observed a slow increase of F v /F m values during growth in liquid medium over days (data not shown). Apparent values of the number of oxidized PQ molecules per PSII were calculated according to Malkin and Kok (1966; see also Bennoun, 2001 ) as 1/2(A C Ϫ A DCMU )/A DCMU , where A C and A DCMU are the complementary areas above the fluorescence induction curves of control and DCMU-treated samples, respectively (DCMU was prepared in ethanol and the final concentration was 5 m in 0.5% [v/v] 
ethanol).
Fluorescence emission spectra at 77 K were recorded using a LS 50B spectrofluorometer (Perkin Elmer). The excitation wavelength was 440 nm and excitation, and emission slits were 10 and 5 nm, respectively. A broad blue filter (CS-4-96, Corning, Corning, NY) was placed between the excitation window and the sample to minimize stray light. Cells were treated to induce state transitions before freezing in liquid nitrogen. Chl concentration was lower than 2 g mL Ϫ1 , and it was verified that no changes in the intensity ratio of the 685-and 715-nm emission bands arose from reabsorption artifacts. Spectra were corrected for the wavelength-dependent photomultiplier response.
Analysis of LHCII Protein Complexes
State 1 or state 2 conditions were applied as described above, and the phosphorylation states of LHCII were stabilized by incubating the cells (5 ϫ 10 6 cells mL Ϫ1 ) during 5 min in darkness at 4°C in the presence of 600 m p-benzoquinone (adapted from . Cells were then harvested and suspended in the extraction buffer (25 mm HEPES-KOH [pH 7.0], 5 mm MgCl 2 , 300 mm Suc, and 1 mm phenylmethylsulfonyl fluoride) and total membranes were prepared as described (Remacle et al., 2001) . Ten micrograms of proteins of membrane fractions was separated by SDS-PAGE using 15% (w/v) acrylamide gels containing 6 m urea and electroblotted to polyvinylidene difluoride membrane according to standard protocols. Phosphorylated proteins were detected using rabbit polyclonal antibodies to phospho-Thr (Zymed Laboratories Inc., Am Uden, The Netherlands) and the ECL kit using anti-rabbit horseradish peroxidase-conjugated antibodies (Roche Applied Science, Vilvoorde, Belgium). The molecular size of the proteins was calculated by comparison with known markers (Dual Color protein standards, Bio-Rad Laboratories, Hercules, CA).
Photo-Acoustic Spectroscopy
Photo-acoustic measurements of ES by PSI were performed as described in detail by Ravenel et al. (1994) . In brief, cells deposited on a cellulose nitrate/acetate filter were illuminated by a modulated light that exclusively excites PSI ( Ͼ 715 nm, modulation frequency value selected between 10 and 800 Hz with a constant integrated fluence rate of 21 W m Ϫ2 ). Heat dissipation was measured as the amplitude A of the generated acoustic wave (photothermal signal) in synchronicity with the exciting modulated light. After about 30 s, a saturating continuous white light (1,400 mol m Ϫ2 s Ϫ1 ) was superimposed on the modulated light, which caused an increase of the photothermal signal to an amplitude A max as the absorbed modulated light energy was then dissipated as heat. ES was calculated as ES ϭ (A max Ϫ A)/A max . It was verified that the intensity of the modulated light was weak enough to allow maximal ES to be measured (i.e. the modulated light could be considered as analytic in our conditions).
